SUMMAR Y To characterize periodic limb movement disorder (PLMD) in a cohort of prepubertal children we examined sleep-related identifiable differences between children with PLMD and attention-deficit ⁄ hyperactivity disorder (ADHD), PLMD alone, and agematched controls. Children were selected from a chart review of all children referred to a pediatric sleep medicine center and from a community survey of 5-7-year-oldchildren. Polysomnography (PSG) and parental report data from all children identified as having periodic limb movement index (PLMI) >5 were reviewed and compared with a cohort of age-matched controls. A total of 8.4% of children in the clinic-referred sample, and 11.9% of the children recruited from the community had PLMI >5. Of those, 44.4% were identified as having ADHD. Children with PLMD had significantly lower percentage of rapid eye movement (REM) than control children (P < 0.001).
INTRODUCTION
Periodic limb movement disorder of sleep (PLMD), while previously well-documented in adults, has only recently emerged as a relatively frequent and markedly underdiagnosed condition affecting children. PLMD is defined as the occurrence of periodic episodes of repetitive and highly stereotyped limb movements during sleep. In adult patients with PLMD, complaints of insomnia and ⁄ or excessive daytime sleepiness are commonly present in the absence of any other explanatory disorders (Chesson et al. 1999) . Initial evidence strongly supporting the occurrence of PLMD in children was derived from surveys of adults with restless leg syndrome (RLS) that revealed a high percentage of patients with onset of symptoms during childhood (Walters et al. 1996) . Furthermore, a genetic linkage analysis study of RLS revealed an autosomal dominant mode of inheritance in a number of families with RLS (Walters et al. 1994) . These initial reports were since followed by a number of studies on the prevalence of PLMD among the general pediatric population and among children referred to specialized sleep centers (Chervin et al. 2002; Chervin and Archbold 2001; Chervin and Hedger 2001; Picchietti et al. 1998) . As more children were diagnosed with PLMD, a potential relationship between PLMD and attention-deficit ⁄ hyperactivity disorder (ADHD) was uncovered as evidenced by the fact that the vast majority of children diagnosed with PLMD using nocturnal polysomnography (PSG) presented with symptoms of ADHD during the daytime. In fact, 26-64% of children with ADHD met the criteria for PLMD [periodic limb movement index (PLMI) ‡5] (Picchietti et al. 1998 , and reciprocally, 91% of another sample of children with PLMD met the criteria for ADHD . As further supportive evidence of a PLMD ⁄ ADHD association, Chervin et al. (2002) administered a previously validated questionnaire (Chervin et al. 2000) , and found a dose-dependent relationship between PLM scores and inattention ⁄ hyperactivity scores. Thus, children who were reported by their parents to have a higher number of symptoms of restless legs were also reported to have a higher number of significant inattention and hyperactivity symptoms. In seven children with comorbid PLMD and ADHD, treatment of PLMD with dopaminergic agents in the absence of psychostimulant use resulted in marked improvements in both disorders (Walters et al. 2000) .
Notwithstanding the aforementioned findings, it is important to point out that the majority of studies assessing the relationship between PLMD and ADHD have exclusively relied upon subjectively reported information from parents, have utilized only clinic-referred samples, and ⁄ or have had limited control samples, making it difficult to draw any definitive conclusions on the nature and potential clinical significance of PLMD in children, as well as its potential impact on the symptoms of ADHD. Furthermore, no study has so far clinically characterized children with PLMD without the presence of ADHD or ADHD-like behaviors. Thus, the primary goal of the current study was to characterize PLMD in a large cohort of prepubertal children. In addition, we examined whether there were sleep-related identifiable differences between children with PLMD and ADHD, those with PLMD alone, and age-and gender-matched controls.
METHODS

Subjects
Study participants were identified from two sources, namely from a chart review of all children referred to Kosair Children's Hospital Sleep Medicine and Apnea Center during the years 2000-2002, and from a community survey of 5-7-year-old-children in Jefferson County, Louisville during the same period. All children referred to Kosair Children's Hospital Sleep Medicine and Apnea Center completed a detailed questionnaire about sleeping habits (Appendix 1). Only those children who were referred to the Sleep Center and who underwent overnight PSG as part of their clinical assessment were included in the chart review sample. For the community survey, parents of all 5-7-year-old children attending Jefferson County Public Schools system were invited to complete a detailed questionnaire about their child's sleeping habits. This questionnaire was not as detailed regarding bedtime routines as the questionnaire used in the clinical assessment, but contained identical questions regarding quality of sleep and parasomnias (Appendix 1). Questions also included: ÔDoes your child have ADHD?Õ and ÔIs your child hyperactive?Õ. Children were selected from the community survey if their parents reported ADHD, if they were reported to snore, and if they reported no hyperactivity ⁄ ADHD or snoring. The latter group was invited to participate as the control group. (See Fig. 1 for a model of subject selection.) None of the children had any chronic illness or other associated neurodevelopmental disabilities or genetic or craniofacial syndromes. Children with reported ADHD and controls were invited for an overnight PSG assessment in the sleep laboratory.
No structured diagnostic assessments were performed to confirm the presence of ADHD in the sample, but all parents of the children in the community sample completed the Conners' Parent-Rating Scale (Conners 1989) . Although not a diagnostic tool for ADHD, the ADHD index of this rating scale is well validated and provides a recognized measure of children at risk for a diagnosis of ADHD (AAP 2000; Brown et al. 2001) . Thus, children were included in the ADHD community sample if they scored ‡2 SD from the mean (i.e. ‡70) on the ADHD index subscale of the Conners' ParentRating Scale (Conners 1989) . Children from the clinical sample were classified as having ADHD if their parents reported that the children had previously been professionally diagnosed with ADHD. This study was approved by the University of Louisville Institutional Review Board, and parental informed consent and child assent, in the presence of a parent, were obtained.
Parental reports of sleep disturbance
Subjective information regarding sleep habits was routinely obtained during the initial clinic appointment for those children referred to the Sleep Medicine Center and documented using a structured problem-based survey instrument. Many of the questions pertained to the bedtime routine, such as ÔWill your child fall asleep alone in bed?Õ, ÔIn order to fall asleep does your child need a special toy or object?Õ, ÔDo you get annoyed ⁄ angry when your child cannot sleep?Õ, and ÔWhat do you think prevents your child from falling asleep?Õ, while other questions focused on the presence of sleep disturbances, e.g. daytime sleepiness, restless sleep, sleepwalking, nightmares, enuresis, apnea, and snoring. For more details on the questions see Appendix 1.
Parents of children from the community survey completed a detailed sleep questionnaire that focused almost entirely on the presence of sleep disturbances (as above). As these questions were the same as those from the clinical questionnaire, it was possible to accurately compare their responses. Parents answered one question for each item, and the responses were graded as ÔneverÕ, ÔrarelyÕ (once per week), ÔoccasionallyÕ (twice per week), ÔfrequentlyÕ (3-4 times per week) and Ôalmost alwaysÕ (>4 times per week). For analysis, these responses were dichotomously classified as ÔneverÕ ⁄ ÔrarelyÕ and Ôocca-sionallyÕ ⁄ ÔfrequentlyÕ ⁄ Ôalmost alwaysÕ.
Information about bedtime routine was not obtained from the community sample of children and therefore is not reported. In addition to demographic information and significant medical history of the child, questions were included regarding whether the child had difficulty initiating sleep, restless sleep, enuresis, nightmares, sleepwalking, apnea, excessive daytime sleepiness, snoring and, if so, the severity of the snoring.
Polysomnographic assessment
A standard overnight multichannel PSG evaluation was performed at the Sleep Medicine Center of Kosair Children's Hospital. Children were studied for up to 12 h in a quiet, darkened room with an ambient temperature of 24°C in the company of one of their parents. All studies were terminated when the children woke up for the day or at approximately 7:00 am if they were still sleeping whether or not the studies were performed on a school night or a weekend, except when they were in REM sleep. No drugs were used to induce sleep. The following parameters were measured: chest and abdominal wall movement by respiratory impedance or inductance plethysmography, heart rate by electrocardiograph (ECG), air flow was monitored with a sidestream end-tidal capnograph which also provided breath-by-breath assessment of end-tidal carbon dioxide levels (P ET CO 2 ; Pryon SC-300, Pryon, Menomonee Falls, WI, USA), and ⁄ or a thermistor. Arterial oxygen saturation (SpO 2 ) was assessed by pulse oximetry (Nellcor N 100; Nellcor Inc., Hayward, CA, USA), with simultaneous recording of the pulse waveform. The bilateral electro-oculogram (EOG), eight channels of electroencephalogram (EEG), chin and anterior tibial electromyograms (EMG), and analog output from a body position sensor (Braebon Medical Corporation, Ogsdenberg, NY, USA) were also monitored. All measures were digitized using a commercially available PSG system (Medcare, Buffalo, NY, USA). Tracheal sound was monitored with a microphone sensor (Sleepmate, Midlothian, VA, USA) and digital time-synchronized video recording was performed as well.
Sleep variables
Sleep architecture was assessed by standard techniques (Rechtschaffen and Kales 1968). Central, obstructive and mixed apneic events were counted. An obstructive apnea was defined as the absence of airflow with continued chest wall and abdominal movement for a duration of at least two breaths (ATS 1996; Marcus et al. 1992) . The apnea index (AI) was defined as the number of apneas per hour of total sleep time (TST). Hypopneas were defined as a decrease in nasal flow of ‡50% with a corresponding decrease in SpO 2 of ‡4% and ⁄ or an arousal. The apnea ⁄ hypopnea index (AHI) was defined as the number of apneas and hypopneas per hour of TST. The mean oxygen saturation, as measured by pulse oximetry (SpO 2 ), together with SpO 2 nadir, was determined. The mean and peak end-tidal carbon dioxide tension (P ET CO 2 ) were determined. Arousals were defined as recommended by the American Sleep Disorders Association Task Force Report (1992) and include respiratory-related (occurring immediately following an apnea, hypopnea or snore), technician-induced, and spontaneous arousals. Arousals were expressed as the total number of arousals per hour of sleep time (arousal index). The PLM during sleep were scored if there were at least four movements of 0.5-5 s' duration, and between 5 and 90 s apart. A PLMI of >5 h )1 of sleep is generally considered to be rare in normal children (Diagnostic Classification Steering Committee 1990), and therefore this threshold was used to define the presence of PLMD.
Data analysis
Data are presented as mean ± SD unless otherwise indicated. For questionnaire-derived responses, comparisons were made with chi-square analysis. Analysis of variance (anova) was employed for comparisons of demographic variables and PSG measures between the study groups with P-values adjusted for unequal variances using the Dunnett's T3 statistic when appropriate. An ROC curve was conducted to determine the most useful cutoff value for PLMa in classifying children into the PLMD ⁄ ADHD group. All P-values reported are two-sided with statistical significance set at <0.05.
RESULTS
Parental surveys
A total of 48 prepubertal children with PLMD (PLMI ‡5) were identified from the chart review of 570 children who underwent overnight PSG as part of their clinical assessment. The most frequent reasons for referral included suspected sleep-disordered breathing (67%), excessive daytime sleepiness (57%), and restless sleep (48%). Forty-two children from the community sample of 351 children were found to fulfil criteria for PLMD (11.9%). In addition, 52 control children who reported no attention or behavior problems and had a normal sleep study (PLMI ¼ 0, AHI<5) were studied. As no significant differences in sleep measures occurred between the clinical and community samples of children with PLMD, these two groups were combined for presentation purposes. Thus, the PLMD group consisted of 90 children. Of these, 40 (44.4%) were reported to have ADHD and were assigned to the PLMD ⁄ ADHD group. Therefore, three comparison groups were used in this study (PLMD ⁄ ADHD, PLMD only, and controls), and their demographics are shown in Table 1 . Children in the PLMD ⁄ ADHD group were significantly older than controls (P ¼ 0.01) and had a higher proportion of males (P ¼ 0.006). The PLMD ⁄ ADHD group was also more likely to receive pharmacologic treatment compared with the PLMD-only group (P < 0.001). Parental responses to the sleep questionnaire are shown in Table 2 . Compared with the PLMD-only group, children in the PLMD ⁄ ADHD group were significantly more likely to have enuresis (P ¼ 0.04), nightmares (P ¼ 0.05), and to have difficulty initiating sleep (versus PLMD only: P ¼ 0.04; versus controls: P ¼ 0.02). Furthermore, children in the PLMD ⁄ ADHD were more likely to have reported sleepwalking than controls (P ¼ 0.03). Table 3 shows the sleep characteristics for each group. The anova of PSG variables revealed that both the PLMD ⁄ ADHD and PLMD groups were different from controls on percentage of REM sleep (P < 0.001). The PLMD ⁄ ADHD group had lower spontaneous arousal index (P ¼ 0.03) and AHI (P ¼ 0.005) than the control group. Furthermore, the PLMD ⁄ ADHD and the PLMD only groups had similar sleep architecture; however, the PLMD ⁄ ADHD group had significantly more PLMs with PLMa (P ¼ 0.04). An ROC curve was conducted to determine the most useful PLMa value to classify children with both PLMD and ADHD. Because control children were selected based on a PLMI of 0, only the PLMD ⁄ ADHD and PLMD groups were analysed. The ROC curve yielded a value under the curve of 0.66 (P ¼ 0.009). A PLMa index of 1.3 resulted in a sensitivity index of 0.58 and a specificity of 0.78 in classifying children into the PLMD ⁄ ADHD group.
DISCUSSION
This study represents the first attempt to clinically characterize children with PLMD in comparison with healthy controls. Our findings indicate that there is very little difference in the prevalence of PLMD among clinically referred and community-recruited children. Notably, those children with both ADHD and PLMD had a significantly higher number of PLM events associated with arousals compared with children without ADHD. Therefore, the relationship observed between PLMD, periodic limb movement disorder; ADHD, attention-deficit ⁄ hyperactivity disorder. *P £ 0.01 Index versus controls. P < 0.001 PLMD ⁄ ADHD versus PLMD only. à P < 0.001 Index versus controls. § P < 0.05 Index versus controls. PLMa and ADHD in the current sample further supports the notion that fragmented sleep may be linked with hyperactive behavior. As such, the number of arousals during sleep may be more directly linked with hyperactivity than the periodicity of PLM per se. In other words, children who exhibit a high number of PLM may demonstrate a reduced risk of presenting symptoms of ADHD if the PLM events are not associated with arousals. Furthermore, a PLMa index of 1.3 or greater appears to strongly relate to comorbid ADHD. This observation may represent an important tool for the clinical assessment of children with PLMD as far as its potential prognostic value in predicting daytime behavior. Alternatively, arousals associated with PLM may be the result of the pathophysiology of ADHD. Thus, further work is necessary to clarify the directional link between these two disorders.
Before we address the potential significance of our findings, several methodological issues deserve comment. An important limitation in this study was the use of a single-night PSG recording, rather than study the children over a period of several consecutive nights to prevent the presence of a first night effect. We reasoned that in the routine clinical setting, a single night PSG would constitute the sole opportunity to gather information regarding sleep structure in such children, and that this approach might therefore provide a more realistic assessment and reference source of such patients. In this regard, children with ADHD may be more at risk for a first night effect, yet we found no supportive evidence that PLMD ⁄ ADHD had more severe or frequent first night effect compared with PLMD-only children. Secondly, we did not conduct rigorous assessments of our participants for establishing the diagnosis of ADHD and ⁄ or comorbid psychiatric conditions. The diagnosis of ADHD was based solely on parental reports of a previous professional diagnosis, with the addition of Conners' scale ratings by the parents for the children in the community-based sample. Such approach would however, entail an overestimate of the frequency of ADHD, and the consequent underestimation of the severity of sleep disturbances in the PLMD ⁄ ADHD group. Thus, our 19.3 ± 6.5 20.1 ± 7.7 25.2 ± 5.5 SWS (%)
24.2 ± 6.7 25.1 ± 7.7 21.8 ± 5.2 Spontaneous arousal index 6.6 ± 3.8 8.1 ± 4.3 8.6 ± 3.2 Respiratory arousal index 0.6 ± 2.2 0.6 ± 1.5 0.7 ± 1.8 PLM index 12.7 ± 7.7 11.7 ± 7.1 0 ± 0 PLMa index 1.9 ± 1.5* , 1.1 ± 1.4 0 ± 0 AHI 0.7 ± 0.5 1.1 ± 3.4 1.3 ± 1.2 AI 0.6 ± 0.5 0.6 ± 0.8 0.8 ± 0.6 SpO 2 nadir (%) 93.5 ± 3.9 92.0 ± 4.5 91.2 ± 5.8 PLMD, periodic limb movement disorder; ADHD, attention-deficit ⁄ hyperactivity disorder; REM, rapid eye movement; SWS, slow wave sleep; AHI; apnea ⁄ hypopnea index; AI, apnea index. *P < 0.05 ADHD ⁄ PLMD versus PLMD only. P < 0.05 Index versus controls. P < 0.01 Index versus controls. P < 0.001 Index versus controls. All indices are reported as the mean number of events per hour of total sleep time.
findings in this group should be viewed as potentially representing conservative estimates, rather than exaggerating the severity of sleep disturbances in these children. A final limitation was the lack of actigraphic recordings to assess sleep-wake cycles prior to the nocturnal PSG. Thus, the effects of partial sleep loss and inconsistent sleep schedules prior to the PSG cannot be excluded as potential modifiers of sleep variables.
Isolated reports on the prevalence of PLMD among selected clinical cohorts of children ranged from 26 to 64% among children with ADHD (Picchietti et al. 1998 and 26% among children evaluated for sleep-disordered breathing (Chervin and Archbold 2001; Chervin and Hedger 2001 ). In the current study, only 11.9% had an elevated PLMI compatible with PLMD among a large cohort of randomly selected children from the community who were screened for the presence of sleep disordered-breathing and hyperactivity. Furthermore, only 9.5% of all children referred to a pediatric sleep medicine center who required a PSG as part of their evaluation, fulfilled the criteria for PLMD. The similar findings among two separate and very differently recruited populations further reinforce the concept that the lower figures reported herein represent the true prevalence of PLMD in a pediatric population more accurately. In both these populations, prevalence rates for PLMD were significantly lower than those previously reported, and are markedly similar to the prevalence rates reported in adults, which range between 9 and 15% .
Analysis of parentally reported subjective sleep characteristics of children with PLMD without the presence of ADHD and healthy controls revealed no significant differences in all selected sleep variables. The proportion of parents who reported that their children had restless sleep was similar for control children and children with PLMD. This is in contrast with the previously reported predictive value of questions related to leg restlessness during sleep, whereby a significant association emerged between such questions and PSG-defined PLM periodicity (Chervin and Hedger 2001) . Such association is even less likely among children without ADHD, when one considers that in the PLMD only group, 10% of the children were medicated with psychotropic drugs for emotional and behavioral problems, and that at least some of these children could indeed suffer from medication-induced PLM, such as reported for serotonin reuptake inhibitors (Armitage et al. 1997) . However, this issue remains controversial, as Moonis et al. (2002) found no effect of antidepressant or antipsychotic medication on the rate of PLMs in 286 adult patients. While the subjective parental sleep reports for non-ADHD children with PLMD did not differ from controls, the PSG data showed a significantly lower percentage of REM sleep among children with PLMD (with or without ADHD), suggesting that the frequent occurrence of PLM may induce sleep fragmentation, the latter particularly affecting REM sleep. The low AHI in the PLMD groups effectively rules out sleep-related breathing alterations as a potential contributor to the REM sleep reduction, and therefore PLMD remains the only identifiable sleep-related abnormality that may account for the alterations in sleep architecture.
A number of studies have shown that PLM and hyperactive behaviors are closely correlated (Chervin and Archbold 2001; Chervin et al. 2002) , and that in children diagnosed with PLMD and followed at tertiary medical centers, there is a very high prevalence of ADHD (91%; . While the frequency of ADHD was markedly lower in the present study, albeit still very substantial (44.4%), the findings further reinforce the existence of a strong pathophysiological relationship between PLMD and ADHD. Similarly, the occurrence of PLMD among children with ADHD is high (Picchietti et al. 1998 ), but appears to be restricted to the more severe cases of ADHD requiring referral to specialized medical centers (L. M. O'Brien, A. Ivaneko, V. M. Crabtree, C. R. Holbrook, J. L. Bruner, C. J. Klaus and D. Gozal, unpublished data). The presence of ADHD, rather than PLMD accounted for the high rate of subjective parental complaints on the difficulty initiating sleep. However, sleep-onset latency during the PSG night was not affected by either the presence of ADHD or PLMD. Therefore, we believe that other behavioral sleep problems such as difficulties with settling or bedtime refusal may account for the high frequency of parental complaints related to sleep initiation, and such findings further corroborate actigraphic data indicating that parentally reported sleep onset problems in children with ADHD may be more related to oppositional behaviors presenting at bedtime than to objectively measurable differences in sleep latency (Corkum et al. 2001) .
Several interesting differences emerged when comparing the sleep characteristics between the PLMD ⁄ ADHD group and the control sample, namely more frequently reported enuresis, lower REM sleep percentage, and less-frequent spontaneous arousals in the context of elevated PLMI and PLMa index. These findings suggest that children with PLMD and ADHD may have a higher arousal threshold to spontaneous intrinsic stimuli which can potentially result in enuresis. In the presence of an elevated PLMa index, it is possible that increased sleep pressure will develop and prevent spontaneous arousals as a compensatory mechanism. Children with both ADHD and PLMD were more likely to be prescribed psychotropic medications (68%) compared with the other two groups, and could suggest that the presence of comorbid psychiatric conditions such as depression or anxiety, may contribute to the relationship between ADHD and PLMD. However, this is highly unlikely as children with depression do not exhibit a high prevalence of PLMD .
In a review of the literature, Corkum et al. (1998) found several studies indicating reductions in REM sleep and prolongation of REM latency in children with ADHD (Corkum et al. 1998) . However, the proportion of REM did not differentiate between the two PLMD groups of children in the current study, suggesting that the changes in REM sleep are related to the presence of PLMD, rather than to the presence of ADHD. Because periodic limb movements have been shown to be highly related to symptoms of hyperactivity among children with SDB (Chervin and Archbold 2001) , we anticipated that respiratory issues would emerge among the PLMD ⁄ ADHD group. As such expectation was not confirmed in this study, we postulate that the hyperactivity associated with SDB may be a separate entity that is unrelated to PLMD. The same hypothesis of an increased threshold to arousal could explain the link found in other studies between ADHD and SDB.
In conclusion, we confirm the existence of a potential coexistence between ADHD and PLMD, albeit weaker than previously reported (Chervin et al. 2002; Chervin and Archbold 2001; Picchietti et al. 1998 . A large proportion of children with PLMD did also have ADHD, but those with both disorders were significantly more likely to have a high number of arousals associated with PLMs. Furthermore, a PLMa index of 1.3 or higher correctly classified 58% of children in the PLMD ⁄ ADHD group, suggesting that the link between PLM-induced arousals and ADHD is rather strong. Therefore, rather than a direct relationship between ADHD and PLMD, this link may be mediated by the presence of reduced REM sleep and more importantly by the sleep fragmentation associated with PLMas. When associated arousals are infrequent, the significance of PLMD, as it relates to impairments in children's daytime functioning, remains unclear. While PLMD could represent an accidental finding on the PSG, the fact that some of these children presented to the sleep medicine clinic complaining of sleep-onset and ⁄ or maintenance insomnia may indicate that PLMD may interfere with their ability to maintain appropriate sleep homeostasis, and could potentially result in daytime functional impairments. However, further studies are needed to thoroughly assess the impact of PLMD on neurocognitive and behavioral characteristics of children in order to formulate treatment criteria and prognostic expectations.
